We studied 48 Borreliu isolates that were associated with Lyme borreliosis or were isolated from ticks and identified three DNA relatedness groups by using the S1 nuclease method. The three DNA groups (genospecies) were associated with specific rRNA gene restriction patterns, protein electrophoresis patterns, and patterns of reactivity with murine monoclonal antibodies. Genospecies I corresponded to Borreliu burgdorfen' sensu stricto since it contained the type strain of this species (strain ATCC 35210); this genospecies included 28 isolates from Europe and the United States. Genospecies I1 was named Borrelia garinii sp. nov. and included 13 isolates from Europe and Japan. Genospecies I11 (group VS461) included seven isolates from Europe and Japan. 380 BARANTON ET AL. INT. J. SYST. BACTERIOL. B.b urgdorferi (11-28 1 B.garinii ( n 4 ) B.garinii (n-5 la group VS46 1 (n=7) B.burgdorferi (n-181 8. b urgdorferi (n -4 Ib B.garinii ( n 4 ) B.garinii (n-51" group VS461 (11-71 B.b urgdorferi (11127: B.burgdorferi (n= 1 Id B.garinii (n-1 0 1 B.garinii b 2 1 e B.garinii (n= 1 1 ' group VS441 (n-5) group VS461 (n-2? B.b urgdorferi (n-2 8 B.garinii (n-51h B.garinii (11-41~ B.garinii (n-1 1 B.garinii (11-21
The bacterial agent of Lyme borreliosis was discovered by Burgdorfer et al. in 1982 (ll) , and in 1984 Johnson et al. (20) described this organism as a new species of the genus Borrelia, Borrelia burgdo$eri. Since then, strains have been isolated in all parts of the world from both humans and animals.
At the present time workers recognize a single Borrelia species associated with Lyme disease, although it has been shown that different strains are genomically and phenotypically heterogeneous.
The results of several studies in which workers used restriction endonuclease analysis (23) , partial sequencing of rRNA (l), the polymerase chain reaction (29) , plasmid profiles (4, 5, 31), Western blotting (immunoblotting), reactivity with monoclonal antibodies (MAbs) (6, 7, 35) , and ultrastructural characteristics (18) have suggested that B. burgdo$eri sensu lato is heterogeneous.
Researchers have performed three DNA relatedness studies which have examined B. burgdo$eri isolates. In the first study, two American strains and one European strain were included (19) . In the second study the researchers included the same three strains and seven additional American isolates (30) . The authors of both of these studies concluded that all of the strains belong to one species. It should be noted that only one European strain was included in these studies. In the third study 13 strains that were mostly European isolates were used, and the authors identified two genomic species (28) .
Differences between European and North American isolates of B. burgdorferi have also been observed in Southern hybridization experiments (24) .
Recently, we encountered strains that did not fit the previously published descriptions of genomic species (28) . The purposes of this study were (i) to delineate additional genomic groups among strains received as B. burgdo$eri, (ii) to characterize the genomic groups on the basis of rRNA gene restriction patterns, and (iii) to provide an easy means for identification by using MAbs.
Below, we propose that our strains of B. burgdorferi sensu lato should be split into three genospecies, two of which can * Corresponding author. be named. Genospecies I corresponds to B. burgdorferi sensu stricto, and genospecies I1 is named Borrelia garinii sp. nov. Genospecies I11 is referred to below as group VS461.
MATERIALS AND METHODS
Bacterial strains. The Borrelia strains that we used in this study are listed in Table 1 . They were grown in BSKII medium at 34°C (3).
DNA-DNA reassociation. Previously described methods for extracting and purifying DNA were used (10) . DNA relatedness was determined by the S1 nuclease method (12), using a previously described procedure (17) . The same methods were used in a previous work (28) . The temperature at which 50% of the reassociated DNA became hydrolyzable by S1 nuclease (T,) was measured (12) , and the differences between the T, of a homoduplex (in a homologous reaction) and the T, values of heteroduplexes (in heterologous reactions) (AT,s) were determined in order to estimate DNA divergence.
DNA base composition. The guanine-plus-cytosine (G + C )
contents of DNAs were determined from melting temperatures that were compared with the melting temperature of Escherichia coli K-12 DNA (G+C content, 50.6 mol%) and were calculated by using the equation of Owen et al. (25) .
rRNA gene restriction patterns. The exact procedures which we used for restriction, transfer to nylon membranes, and hybridization with radiolabeled rRNA from E. coli have been described previously (15) . In addition, for some strains the DNA fragments were transferred to Hybond-C extra membranes (Amersham International, Amersham, England) and hybridized with acetylaminofluorene-labeled 16+23S rRNA (Eurogentec, Likge, Belgium) as described elsewhere All strains were separately digested with four enzymes (EcoRI and EcoRV from Boehringer, Mannheim, Germany, and PstI and Hind111 from Appligkne, Illkirch, France) by using conditions recommended by the manufacturers.
Protein electrophoresis and reactivity with MAbs. For sodium dodecyl sulfate-polyacrylamide gel electrophoresis, proteins from whole-cell lysates ( amide gel electrophoresis as described by Laemmli (22) . Gels were stained with Coomassie brilliant blue. For Western blotting, proteins (10 p,g of protein per lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes by semidry graphite blotting. The membranes were blocked and probed by using standard procedures (32) . Murine MAbs H9724, H5332, H3TS, and H6831 (Symbicom, Umeb, Sweden) were used as recommended by the manu- Relative binding ratios were determined at 60°C. The levels of reassociation in homologous reactions ranged from 74 to 103% before normalization. The S1 nuclease-resistant core (in the tube containing only denatured labeled DNA) showed an average of 7% reassociation; these control values were subtracted before normalization. The values in parentheses are AT,,, values (in de fees Celsius), rounded off to the nearest 0.5"C. a ND, not done. facturer (6) . Murine MAb D6 directed against a 12-kDa protein was kindly supplied by Peter and Bretz (27) .
RESULTS AND DISCUSSION
DNA relatedness. The levels of DNA relatedness for 32 Bowelia strains are shown in Table 2 . According to the criteria that are currently used to delineate genomic species (9, 16, 33) , the differences observed in DNA relatedness values and especially in AT, values are great enough to distinguish three genomic species (B. burgdorjen sensu stricto, B. garinii sp. nov., and group VS461). Within each genomic species, the levels of DNA relatedness to the reference strain ranged from 76 to loo%, and the AT, values were less than 3°C. Between genomic species, the levels of DNA relatedness to the heterologous reference strains ranged from 46 to 74%, and the AT,,, values were more than 7°C.
DNA base composition. The G+C contents of the DNAs ranged from 27 mol% (strains 20047T [T = type strain], VS468, N34, VS461, and 1.persulcatus) to 28 mol% (strains B31T, G25, and PBi), and the experimental variation was 1 to rRNA gene restriction patterns. Labeled E. coli 16+23S rRNA was used as a probe to visualize the rRNA gene restriction patterns of 48 Borrelia strains. Figure 1 shows a normalized representation of the patterns exhibited by 48 isolates. The fragment sizes indicated on Fig. 1 are average sizes. The standard deviations for the averages were 0.1 to 1.3% for sizes ranging from 1 to 7.5 kbp and 2 to 4% for sizes larger than 7.5 kbp. Three major patterns were found, depending on the restriction enzyme used (PstI, HindIII, EcoRV, or EcoRI), Each pattern corresponded to a genomic species. Figure 2 shows a typical membrane exhibiting EcoRV rRNA gene restriction patterns. All of the B. burgdorferi sensu stricto strains produced the same pattern, and all of the group VS461 strains produced the same pattern; 5 of the 13 strains belonging to B. garinii sp. nov. had a minor difference in size Of the smallest fragment.
Of 22 strains belonging to B. burgdofen sensu stricto, 18 produced the same HindIII rRNA pattern (Fig. 1 ). An additional fragment (2.5 kb) was present in the patterns of the four remaining strains. Six strains of B. garinii sp. nov. produced the same pattern. An additional fragment (2.6 kb) was present in the patterns of five other strains. All of the strains belonging to group VS461 produced the same pattern.
With EcoRI, 27 of 28 B. burgdofen sensu stricto strains produced the same pattern (Fig. l) , 10 of 13 B. garinii sp. nov. strains produced the same pattern, and the patterns of 5 of 7 group VS461 strains were identical.
With PstI, the 28 strains of B. burgdorferi sensu stricto produced the same pattern, and all 7 group VS461 strains produced the same pattern; greater heterogeneity was observed in B. garinii sp. nov.
The strains which produced different patterns could represent subtypes within each genospecies.
With EcoRI, EcoRV, and HindIII, one or two fragments were common to the three genospecies (9.5,3.2, and 2.1 and 0.6 kb, respectively). These fragments were not observed in other species of Borrelia (B. hermsii, B. parken, and B. turicatae) (28) .
rRNA gene restriction patterns could be used as a way to identify Borrelia isolates at the genospecies level. We recommend using EcoRV and HindIII, two enzymes which gave more reliable results for species identification than the other enzymes tested.
Protein patterns. Although there was a great deal of heterogeneity in the protein patterns, three groups based on several major proteins were identified ( Table 3) in the first group produced two major protein bands corresponding to proteins OspA and OspB at 31 and 34 kDa, respectively. In the second group there was a single predominant protein (protein OspA at 33 kDa). In the third group, two major protein bands were located at 32 and 35 kDa. These differences have been described previously by Adam et al. (1) . Each protein pattern group corresponded to a genospecies. Other authors have identified four groups on the basis of the electrophoretic mobilities of proteins OspA and OspB (27) . The fourth group identified by these authors contained only one strain, a strain that was not included in our study.
Reactivity with MAbs. All of the strains were reactive with MAb H9724, which is genus specific. Reactivities with MAbs H5332 and H3TS directed against protein OspA, MAb H6831 directed against protein OspB, and MAb D6 directed against a 12-kDa protein separated B. burgdogen sensu stricto and B. garinii sp. nov. (Table 3) . Reactivity with MAE, H3TS allowed identification of B. burgdogen sensu stricto, and reactivity with MAb D6 allowed identification of B. garinii sp. nov. according to results obtained with isolates from Switzerland (26, 27) . Group VS461 strains did not react with any MAb. These results explain the previously described heterogeneity of MAb reactivity observed with European isolates of B. burgdogen sensu lato (35). Our results showed that the heterogeneity observed among American and European isolates in reactivity with MAbs is in fact supported by genetic differences. All 19 American strains studied (including strain B31T) belonged to B. burgdorferi sensu stricto, whereas the European strains were distributed among the three genospecies. Comparison with other studies. In this study we delineated three genomic species among 48 strains. These organisms were characterized by specific rRNA gene restriction patterns. A total of 20 of the strains included in this study have been studied by using multilocus enzyme electrophoresis (8) .
Clustering of the electrophoretic types by the average linkage method revealed three primary clusters. Each cluster corresponded to a genospecies; eight strains of B. burgdorferi sensu stricto belonged to division I of Boerlin et al., eight strains of B. garinii sp. nov. belonged to division 111, and four strains of group VS461 belonged to division I1 (8) . Furthermore, this analysis was based upon 11 different loci coding for housekeeping enzymes and thus not subject to plasmid variation. We concluded that the multilocus enzyme electrophoresis data strongly support the DNA hybridization results.
It should be noted that a recently described method (the arbitrarily primed polymerase chain reaction method) revealed three clusters, each of which corresponded to a genospecies described in this paper (34) .
Two of the three genomic species can be differentiated easily. It has been shown previously that these two species are not related to B. hermsii, B. parkeri, and B. turicatae (28) . Genospecies I has a valid name (B. burgdorferi), and an emended description of this species is given below. For genospecies I1 we propose the name B. garinii sp. nov.; this taxon is described formally below. At the present time genospecies I11 remains group VS461.
Emended description of BurreZia burgdogen' sensu stricto. Morphology as described for the genus by Kelly (21) . Cultural properties as described by Johnson et al. (20) .
The rRNA gene restriction patterns after digestion by EcoRV contain two fragments (6.8 and 3.2 kb).
The rRNA gene restriction patterns after digestion by HindIII contain four fragments (2.1, 1.5, 0.8, and 0.6 kb); some strains have an additional fragment at 2.4 kb.
All strains of this species react in Western blots with MAb H3TS directed against protein OspA. They also react with MAb H5332, which is directed against another epitope of protein OspA. The reactivity with MAb H6831 directed against protein OspB is variable (22 of 28 strains are reactive). No reactivity occurs with MAb D6.
B. burgdorferi sensu stricto has been isolated from humans (especially from cerebrospinal fluid), ticks, and rodents in Europe and the United States.
The G+C content of the DNA is 27 to 30 mol% (20) . The type strain is strain B31 (= ATCC 35210). Description of the type strain. Strain ATCC 35210T was isolated from an Lxodes dammini tick (11) . The type strain has all of the characteristics described above for the species.
After digestion by HindIII, the rRNA gene restriction pattern contains four fragments (2.1, 1.5, 0.8, and 0.6 kb).
Reacts with MAb H6831. The G+C content of the DNA is 28 mol% (this study) or 29 to 30 mol% (20) .
Description of Borrelia garinii sp. nov. Borrelia garinii (ga' ri. ni.i. M.L. gen. n. garinii, in honor of Charles Garin, a French physician who in 1922 described neurological and cutaneous symptoms which occurred in a patient after a tick bite and suspected that a spirochete was the etiological agent [13] ). Also called BQrrelia group 20047 in previous study (28) and genospecies I1 in this study.
Morphology as described previously for the genus (21).
Cultural properties as described previously for B. burgdorf e n sensu lato (20) . rRNA gene restriction patterns after digestion by EcoRV contain three fragments (5.3, 3.2, and 1.6 or 1.5 kb). rRNA gene restriction patterns after digestion by HindIII contain three fragments (2.1, 1.3, and 0.6 kb). Some strains produce an additional weak fragment at 2.5 kb.
Reacts in Western blots with MAb D6. No reactivity is observed with MAb H3TS. Reactivity with MAb H5332 is variable (4 of 13 strains are positive). No reactivity occurs with MAb H6831. B. garinii has been isolated from humans and ticks in Europe and Japan but has not been isolated yet in the United States.
The G+C content of the DNA is 27 to 28 mol%. The type strain is strain 20047 (= CIP 103362).
Description of the type strain. Strain 20047T (= CIP 103362T) was isolated from an Lxodes ricinus tick in France (3) . The type strain has all of the characteristics described above for the species.
Reacts with MAb H5332. The G+C content of the DNA is 28 mol%.
